The indium activity in liquid In-Sb solutions is measured in the following high temperature solid-state galvanic cells The measurements indicate a moderate negative deviation from ideal solution behavior and are in close agreement with previous studies. The results are compared with the available calorimetric and phase-diagram determinations and are found to be consistent with them. An expression for the standard Gibbs energy of formation of solid InSb is presented that is consistent with the direct EMF measurements, calorimetric studies, reported phase diagram, and results of this study. The nonrandom two-liquid theory is found to adequately represent the liquid mixture thermodynamic data.
Indium antimonide is the only existing intermetallic compound in the In-Sb system; it exhibits a high electron mobility and presents the lowest bandgap energy of the group III-V semiconducting compounds (1) (2) (3) . The pure compound and mixed crystals containing InSb are of current interest as host materials for a variety of solid-state electronic devices (4) (5) (6) (7) . As the chemical processing of these materials often involves the melt and the analysis of such processes frequently assigns an equilibrium boundary condition, knowledge of the solid-liquid phase diagram is important. Furthermore, the phase fields for uninvestigated multicomponent systems can be estimated from consideration of the binary limits alone. The interpolation of the multicomponent phase diagrams between the binary edges generally involves use of a solution model to describe the composition and temperature dependence of the excess Gibbs energy. The success of a model should be determined by its ability to represent not only the binary-phase diagram, but also the mixture enthalpy and entropy. With this objective in mind, solidstate electrochemical measurements of the In activity in In-Sb melts are reported and an analysis of the available phase-diagram and thermochemical information for both the mixture and pure compound is presented.
A considerable number of experimental characterizations of the thermodynamic properties for the In-Sb system have been reported. Presented in Table I is the melting temperature of InSb, % [InSb] , as determined by several investigators. It is noted that InSb is the only III-V compound having Tf below that of a component element [Sb] . Also shown in Table I is a summary of the enthalpy of fusion of InSb, AHf" [InSb] . As can be seen, there exists a maximum difference of 13.3 kJ 9 mol-' in the reported values of AHf" [InSb] . The mixing of pure In and pure Sb produces a negative enthalpy change as determined calorimetrically by several investigators (15, (23) (24) (25) (26) (27) (28) . The different measurements are in good agreement, with the published range for the maximum exothermic enthalpy of mixing, AH ~', of 2345-3725 kJ -tool -' for temperatures in the range of 910-1184 K. The enthalpy of mixing is not a symmetric function of composition; the maximum exo-9 Electrochemical Society Active Member.
thermic AH ~' is located in the reported range Xin = 0.55-0.61. The more recent results of Rosa et al. (28) , obtained at five temperatures in the same calorimeter, indicate that the maximum AH M shifts to a lower magnitude at increased Sb content as the temperature is increased. The phase diagram for the In-Sb system has been reported by several investigators (15, 19, 22, 29) who found a simple eutectic on the Sb-rich side of the compound at a composition of x~ = 0.682 and a temperature of 767 K. The In-InSb eutectic is practically degenerate, having a melting temperature approximately 1 K below that of pure In at a composition xs~, = 0.007.
Of primary importance in the understanding of solidliquid phase equilibria in III-V compounds and solid solutions is an accurate description of the liquid-phase solution behavior. The multicomponent solid solutions are often nearly ideal, but the liquid phase for most III-V systems shows negative deviations from ideal behavior. The calculation of liquidus temperatures proves to be sensitive to the mode] employed for the liquid-phase thermodynamics. As these models are generally based on a formulation of the excess Gibbs energy of the mixture, a direct determination of the composition dependence of (31) assumed that the In ions transported in the fused salt electrolytes were monovalent; this assumption directly affects the activity calculated from the measured cell EMF. The possible uncertainty in the In oxidation state for these cells prompted Chatterji and Smith (32) to investigate the activity of In with a galvanic cell using a solid oxide electrolyte in which In ions are known to be trivalent and the transported oxygen ion divalent. Four compositions were studied, all of which were in the In-rich portion of the phase field, where this technique is not as reliable. In addition, Chatterji and Smith (32) used air as the reference electrode, thus requiring knowledge of the Gibbs energy of forming indium sesquioxide from the elements. Therefore, a second electrochemical cell was evaluated using a mixture of pure In metal and indium sesquioxide as the working electrode and air as the reference electrode. The resulting logarithm of the indium activity is then proportional to the difference in the measured EMF of the above two types of cells. This difference is small in value (6.5-37 mV for the compositions studied) compared to the measured EMF's of the two individual cells (920-1160 mV) and includes the uncertainties of two experiments, though the possible errors are probably systematic and cancel. A third-law analysis indicated the expression for Gf"[In.,O:~] of Chatterji and Smith (33) to be inconsistent with other available thermodynamic data (34) .
For these reasons, the following solid-state electrochemical cells were investigated
In both cells, the working electrode consisted of the mixture of a liquid In-Sb alloy at the composition of interest and the most stable oxide, indium sesquioxide. In the first cell type, the reference oxygen partial pressure was established with a mixture of CO CO + ~ O~ = CO2 [2] and AGf~ is the standard Gibbs energy change for the formation of 1 mol of indium sesquioxide.
Cell type II gives the simple relationship between the measured cell voltage and temperature to the indium activity
The first cell is advantageous in that the gaseous reference electrode provides a more reversible electrode and generally serves as a better buffer for oxygen. Thus, temperature coefficients of these cells were found to be in closer agreement with calorimetric values, though the calculated activities are subject to uncertainty in not only the temperature and measured voltage but also in PcoJPco, AG~ and hGf~ In addition, the use of the CO-CO2 reference electrode is superior to air since the O2 partial pressure can be adjusted to closely match that established in the working electrode. However, the use of pure In-IntO3 as a reference electrode is advantageous in that the only errors involved are those associated with the measurement of the voltage and temperature. Thus, in this study, indium activities were measured in liquid solutions with antimony by means of the oxygen-ion conducting solid electrolyte, calcia-stabilized zirconia. Both the investigation of solutions throughout the entire composition range and the use of a solid oxide electrolyte should eliminate possible ambiguities in the oxidation state of the In ion that was assumed by earlier workers employing a halide-based concentration cell.
Experimental
A complete description of the experimental design and procedure has been given previously (34) (35) (36) . Extreme care was taken to minimize the oxygen content of the inert gas blanket. Data acquisition was automated with a microcomputer system. The alloys were formed by mixing powdered InSb (Orion Chemical Company, 325 mesh, 99.999% purity) with either pure antimony (Cominco American, high purity, lot EM 2139) or pure indium (Orion Chemical Company, 325 mesh, 99.999% purity, lot no. 2449) to obtain the desired composition. Indium sesquioxide (Alia Inorganics, 99.999% purity) was placed on top of the alloy or the pure indium in each cell. The CO-CO,~ reference gas mixture (22.169 -+ 0.02% CO2, 2.349 _+ 0.02% CO, and balance Ar) was a primary standard procured from Matheson Gas Products.
When a new alloy composition was formed by adding pure elemental material to a previously studied composition, it was found to give inconsistent results. This inconsistency was apparent in a changing EMF temperature coefficient as the temperature was cycled and was probably due to incomplete mixing. Thus, for each composition studied, an alloy was synthesized from the pure elements.
Results
The open-circuit equilibrium potential for cells [I] and [II] was measured throughout a predetermined temperature range, and the results are plotted in Fig. 1 and 2 . The EMF measured for cells using the CO-COx gaseous mixture as the reference electrode is shown in Fig. 1 , while Fig. 2 depicts the more direct measurements employing the pure metal reference electrode. Only the measurements made in the final temperature cycle are shown. It was found that several cycles were required before reproducible EMF temperature variations were obtained. As can be seen, the measured potentials are linear in temperature over the range investigated.
The activity of indium was calculated with Eq. [1] or [3] at 973 K using linear regression coefficients for the straight lines shown in Fig. 1 and 2 . These results are given in Table II , along with the antimony activity calculated by integration of the Gibbs-Duhem equation. Also listed in Table II are the corresponding activity coefficients, ~i, and the resulting molar Gibbs energy of mixing, AG M. The partial molar enthalpy of In calculated from the temperature dependence of the cell potential exhibited considerable scatter, particularly with use of the pure metal/metal oxide reference electrode, similar scatter was observed in the results for the gallium activity in Ga-Sb melts (36) . This inconsistency is common in these types of measurements and does not reflect on the primary results of EMF measurements-Gibbs energy changes. The results of the activity measurements are graphically shown in Fig. 3 here and from two of the AH M determinations. For comparison, the ideal entropy of mixing is plotted; the excess entropy of mixing can be seen to be nearly zero in the composition range 0.0 < xi, < 0.4 and positive in more indium-rich solutions.
Discussion
Calculation of the phase diagram.--The In-Sb binary phase diagram is well known, and thus a convenient check of the consistency of the available solution thermodynamic data is a calculation of the liquidus. The conditions of solid-liquid equilibrium stipulate equivalence of the temperature, pressure, and component chemical potentials in both phases, subject to the constraint of an equal number of lattice sites for In and Sb in the solid compound. Neglecting any pressure dependence, the combination of these requirements results in the following simple relationship between the liquidus composition, x~n, and temperature, Tl
The #insb term is the reduced reference state chemical potential change and is defined by
where/x~ is the standard state chemical potential for the solid compound InSb oi" the liquid components In and Sb. The quantity F.,sb is a measure of the deviation of the liquid solution from ideal behavior at the liquidus temperature and composition of interest and is simply the product of the liquid-phase component activity coefficients, % F,.sb = ~/,.~Sb [6] Choosing the standard state for all species to be the pure component at the temperature, pressure, and state of [
_ f f~,s~ ~C, [Sb] dT"-}mT [9] ,r T In this relationship hHf~ and hSf~ represent the standard enthalpy and entropy of formation of InSb, respectively. Comparing Eq. [8] and [10] , it is evident that the "formation" expression (Eq. [10] ) is a more critical test of the consistency between the solution properties and the measured liquidus, as the liquid mixture information required in Eq. [10] is relative to the pure components, while, in Eq. [8] , it is relative to the stoichiometric liquid. However, the enthalpy of fusion and melting temperature required in Eq. [8] are directly measurable, whereas the standard enthalpy and entropy of formation are generally obtained from the temperature dependence of AG~~ and thus subject to more uncertainty. The InSb phase diagram shows simple eutectic behavior in the Sb-rich portion. Equating the chemical potential of Sb in the liquid mixture to that of pure solid Sb, and using the same sequence developed in Eq. [7] to determine the reduced standard state chemical potential change but applied to solid Sb, results in aggregation of interest, #I,Sb is simply the molar Gibbs energy difference between the solid compound and the pure liquid elements and is made dimensionless upon division by RT. Several paths of state change can be formulated to estimate this molar Gibbs energy change, each requiring a different data base. One such sequence, first proposed by Wagner (37) and later applied to IH-V binary systems by Vieland (38) , is to change the temperature of the pure compound from the one of interest, T, to Tf [InSb] , melt the compound, subcool the resulting equimolar mixture to T, and separate the solution into the pure elements. The resulting expression for ~sb is [11] As in Eq. [10] , the/C, [Sb] term is assumed to be negligible.
Given in Table III are the results of calculating the liquidus temperatures with either the "fusion" (Eq. [8] ) or "formatlon" (Eq. [10] ) expressions. The partial molar enthalpies of the components were obtained from the calorimetric enthalpy of mixing investigations of Yazawa et al. (24) , and the partial molar entropies of the components were calculated from the measured component activities from this work. The smoothed values of the component activities used in these calculations are also listed in Table III . A melting temperature for InSb of 800 K was used in conjunction with the experimental enthalpies of fusion listed in Table I 
[8]
A second expression for the reduced standard state chemical potential difference represents the molar Gibbs energy change of the following process: solid InSb is reduced to the natural elements at the temperature of interest (the reverse formation reaction), followed by a thermal sequence similar to that used in the previous analysis but applied to Sb since the melting temperature of Sb, Tf[Sb], is above that of InSb. The expression for Ol,Sb is was assumed to be 904 K. Table IV gives the liquidus temperatures determined from Eq. [11] , using the smoothed activity measurements of this work and also of Terpilowski (30) and Hoshino etal. (31) . Also found in Tables III and IV Peretti (19) . The results of these calculations using the "fusion" equation in conjunction with the smoothed activity measurements of this study, hHfr = 49.4 kJ 9 mol-' (16) , and the enthalpy of mixing of Yazawa et al. (24) (31) . The results of Chatterji and Smith (32) were obtained over an insufficient composition range to be compared.
Several conclusions can be made from these calculations. First, the negative deviation observed in the various EMF measurements is supported by these calculations, as is seen by comparing the calculated liquidus temperatures with the ideal temperatures. The enthalpy of fusion reported as 37. A more stringent test of the thermodynamic consistency of the various data is found in using the formation equation. Figure 6 shows the liquidus temperatures calculated using the results of Sirota and Yushkevich (42) 
Gibbs energy of formation of InSb(c).--An alternate expression for AGf~
can be derived using the results of this study as follows. Consider the following reaction scheme In(l) + Sb(1) = 2In,j.sSbu.5(1) [12] 2In,~.sSb,,.~(1) = InSb(c) [13] Sb ( The Gibbs energy change for the first reaction is simply the Gibbs energy change upon mixing equal moles of In and Sb. The Gibbs energy change for reactions [13] and [14] can be approximated by [16] where the small temperature dependence of the enthalpy and entropy of fusion of InSb and Sb has been neglected. Upon summation of the above reactions, the overall reaction is found to be the desired formation reaction, and the standard enthalpy and entropy of formation are given by
and ASf~ = 2ASM[x = 0.5]
By using the results of Yazawa et al. (24) for Table V summarizes the various results reported for the standard enthalpy and entropy of formation of solid InSb. The values determined by molten salt EMF studies are given for the average temperature of those measurements. Also listed are two high temperature calorimetric investigations of the standard formation enthalpy which are in excellent agreement with Eq. [19] . For comparison, the standard entropy derived from the equimolar activity results of the two molten salt studies (30, 31) is also given.
There are several different ways to test the consistency of these various results. The primary result of the EMF formation work is the Gibbs energy of formation of InSb. Thus the derived expressions should produce AG~ [InSb] values in close agreement with the EMF values. Table VI lists two values of/Gf~ calculated from the derived / , equations and are compared to the measured results. As can be seen, the equations derived using the activity measurements of this work and of Hoshino et al. (31) are within the range of experimental error for the EMF results and the range produced by varying the entha]py of fusion of InSb and enthalpy of mixing. The result found (39) , for Sb from Glassner (46) , and for InSb from Lundin etal. (13) and the absolute entropy for the elements from Hultgren et al. (39) and for InSb from Renner (47) , and combining this with the values of hGf~ yield the results shown in Fig. 8 . The results using measurements of the four EM_F formation studies are given by the solid lines and are compared with the value selected by Hultgren et al. (12) though the direct measurements available in the literature show considerable scatter as summarized in Table VII .
Although the results of these calculations are not definitive, the derived expression for AGf~ using the data of Terpilowski (30) gives values which are low. It is noted that the expression derived with the results of this work give constant values of the calculated hHf~ 298.15 K] as required.
As a final comparison, the phase diagram for In-Sb is again calculated using the standard enthalpy and entropy given b~" Eq. [19] . These results are presented in Fig. 9 , and it is found that the activity measurements of this work and of Hoshino etal. (31) give excellent agreement between the calculated and experimental phase diagram. The liquidus temperatures calculated with the data of Terpilowski (30) are low. It should be noted that this method requires the melting temperature of the compound to be predicted exactly. Similar liquidus temperature calculations with the other derived equations again gave excellent agreement, thus supporting the composition dependence commonly reported for the activity. In (52) , and velocity of sound (53) for temperatures up to 20 K above the melting temperature. Direct x-ray scattering curves for liquid InSb have been measured at 813 K (54, 55) and result in a radial distribution function having a first maximum at 3.2~, with a corresponding coordination number of 5.7. Crystalline InSb, on the other hand, exhibits a maximum at 2.80A and has a coordination number of 4, thus indicating that the zinc-blende structure is not retained upon melting. In addition, an examination of the radius of the first coordination sphere for both the pure liquid elements and the liquid solution establishes that the nearest neighbors in InSb are atoms of different kinds. Thus, the atoms in liquid InSb tend to form unlike pairs and may even form covalent clusters in a small temperature range above Tf [InSb] .
These considerations suggest that any solution model to be used for the description of the liquid-phase nonidealities of In-Sb mixtures must account quantitatively for the effects of nonrandomness of the thermochemical properties. In addition, the model should adequately represent not just a particular quantity but all of the pertinent data, in this case, the measured component activities along with the reported binary-phase diagram and enthalpy of mixing. The ability of several solution models to meet these criteria has been examined; the details of this comparison are provided elsewhere (56) . With the use of a data base consisting of the liquidus measurements of Liu and Peretti (19) , the enthalpy of mixing data of Rosa et al. The numerical values of the adjustable parameters were determined by a maximum likelihood algorithm (58) 
Conclusions
Component activities in liquid solutions containing In and Sb were measured with a solid-state galvanic cell and were found to give moderate negative deviations from ideal behavior. The measured activities showed close agreement with other reported EMF activity measurements and support the~ assumption that the indium ion is monovalent in the fused salt electrolytes used in previous studies. The system exhibited a negative enthalpy of mixing having a maximum near xsb = 0.42. The combination of these results showed a significant positive excess entropy of mixing. Comparison of the reported phase diagram (19) with various thermodynamic results indicated that the results of Hoshino et al. (31) and of this work were consistent, whereas the work of Terpilowski (30) showed marked discrepancies. Furthermore, these calculations supported a value of the enthalpy of fusion of InSb of 49.4 kJ 9 mol -~. A new expression for the standard Gibbs energy of formation of solid InSb was derived, with the standard enthalpy and entropy given by -35.22 kJ 9 mol-' and -25.54 J 9 tool -j 9 K, respectively. This result was shown to be consistent with the available AGf~ determinations, the calorimetric investigations, the reported phase diagram, and the activity measurements of this study. Liquid-phase x-ray scattering investigations suggested the tendency of pairing between In and Sb atoms. This observation was quantified with the aid of the nonrandom two-liquid theory. Thus, it can be concluded that the high temperature thermodynamic properties for the solid and liquid In-Sb system are experimentally well defined and consistent.
